The barrier function of the esophageal epithelium is a major defense against gastroesophageal reflux disease. Previous studies have shown that reflux damage is reflected in a decrease in transepithelial electrical resistance associated with tight junction alterations in the esophageal epithelium. To develop novel therapies, it is critical to understand the molecular mechanisms whereby contact with a refluxate impairs esophageal barrier function. In this study, surgical models of duodenal and mixed reflux were developed in mice. Mouse esophageal epithelium was analyzed by gene microarray. Gene set enrichment analysis showed upregulation of inflammation-related gene sets and the NF-B pathway due to reflux. Significance analysis of microarrays revealed upregulation of NF-B target genes. Overexpression of NF-B subunits (p50 and p65) and NF-B target genes (matrix metalloproteinases-3 and -9, IL-1␤, IL-6, and IL-8) confirmed activation of the NF-B pathway in the esophageal epithelium. In addition, real-time PCR, Western blotting, and immunohistochemical staining also showed downregulation and mislocalization of claudins-1 and -4. In a second animal experiment, treatment with an NF-B inhibitor, BAY 11-7085 (20 mg·kg Ϫ1 ·day Ϫ1 ip for 10 days), counteracted the effects of duodenal and mixed reflux on epithelial resistance and NF-Bregulated cytokines. We conclude that gastroesophageal reflux activates the NF-B pathway and impairs esophageal barrier function in mice and that targeting the NF-B pathway may strengthen esophageal barrier function against reflux. mouse model; gastroesophageal reflux; NF-B; barrier function; tight junction GASTROESOPHAGEAL REFLUX DISEASE (GERD) is a chronic disorder caused by prolonged exposure of the distal esophagus to gastric or gastroduodenal contents (21). Prolonged exposure to these noxious refluxates results in disease by impairment of the intrinsic defenses within the esophageal epithelium, particularly those responsible for barrier function (29). GERD significantly impacts patient quality of life and may lead to longterm complications, such as Barrett's esophagus and esophageal adenocarcinoma. Approximately 10 -20% of people in the Western world have GERD, with at least weekly heartburn and/or acid regurgitation (8). Current therapy of GERD relies predominantly on the use of acid-suppressant medications, such as proton pump inhibitors, but response to these medications is less than optimal. For this reason, novel treatments remain desirable, and to develop them, a clearer understanding of the molecular mechanisms responsible for GERD-induced damage to the esophageal epithelium is needed.
Western world have GERD, with at least weekly heartburn and/or acid regurgitation (8) . Current therapy of GERD relies predominantly on the use of acid-suppressant medications, such as proton pump inhibitors, but response to these medications is less than optimal. For this reason, novel treatments remain desirable, and to develop them, a clearer understanding of the molecular mechanisms responsible for GERD-induced damage to the esophageal epithelium is needed.
The impairment of esophageal barrier function by gastroesophageal reflux has been extensively investigated. Endoscopic esophageal biopsy specimens of GERD patients are characterized by dilated intercellular spaces (DIS) between esophageal epithelial cells and higher permeability to hydrogen ions than tissue from healthy subjects (6, 41) . In vitro experiments show a decrease in transepithelial electrical resistance (TEER) and an increase in paracellular permeability in bile acid-treated human esophageal epithelium and acid-treated esophageal-like squamous epithelium (7, 33) . Animal studies also demonstrate a decrease in TEER in acidified pepsintreated rabbit esophageal epithelial segments, as well as in rabbit esophageal epithelium perfused in vivo (16, 42) .
Traditionally, GERD is believed to be a caustic injury produced by gastric or gastroduodenal contents. On the basis of human pathology and a rabbit model of acid-induced reflux disease, it was shown that the refluxate initially produces injury to the esophageal epithelial junctions, resulting in an increase in paracellular permeability and DIS. Then acid penetrates the intercellular spaces in sufficient quantity to acidify the area and, therefore, gain access to the acid-permeable basolateral membrane. It is acid entry into the esophageal cytoplasm across the basolateral membrane that is believed to initiate a cascade that results in cell necrosis, inflammation, and erosion (30, 31) . However, this traditional view has been challenged recently using a rat model in which the duodenum is connected directly to the esophagus. This rat model of gastroduodenal reflux was used to show that reflux induced an increase in the chemokine IL-8 in the esophageal epithelium and that infiltration of inflammatory cells took place prior to the erosions on the surface of the esophageal epithelium (38) . This suggests that inflammation is an important mediator of erosions, a finding previously established in a rabbit model of esophagitis by Naya et al. (25) . Furthermore, Yamaguchi and colleagues (43) found that epithelial keratinocytes secreted IL-8 in a cell culture model and a rat model of esophagitis, suggesting that gastroesophageal reflux may activate inflammatory pathways and then impair esophageal barrier function.
To understand how gastroesophageal reflux attenuates esophageal barrier function, surgical models were developed in mice to mimic duodenal and mixed reflux. Activation of the NF-B pathway was assessed as a causative factor leading to esophageal barrier dysfunction.
METHODS
Animals and surgical procedures. Wild-type C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). All animal experiments were approved by the Institutional Animal Care and Use Committee of North Carolina Central University (protocol no. XC-12-03-2008). Eight-week-old wild-type mice were housed five per cage, given laboratory chow and water ad libitum, and maintained on a 12:12-h light-dark cycle. The mice received anesthetics premixed in normal saline (80 mg/kg ketamine and 12 mg/kg xylazine ip). All surgeries were performed through an upper midline incision. 1) In the mixed reflux model, two 5-mm incisions were made on the esophagus and the duodenum and then anastomosed with accurate mucosal-tomucosal opposition (Fig. 1A) . 2) In the duodenal reflux model, the whole stomach was removed after ligation of the gastroesophageal junction and the pylorus subsequent to the procedure described for the mixed reflux study (Fig. 1B) . The abdominal cavity was washed and closed with 6-0 silk sutures. Control mice received anesthesia and were subjected to mock surgery in which only a skin incision was made and then sutured.
In the first animal experiment, 15 mice of each group were euthanized 4 wk after surgery. Samples of the esophageal epithelium of three mice were snap-frozen and stored in liquid nitrogen for gene microarray and real-time PCR. Samples of eight mice were frozen and used for Western blotting and ELISA. For histopathological analysis, the whole esophagus of four mice was opened longitudinally and fixed in 10% buffered formalin.
In the second animal experiment, we aimed to test the efficacy of NF-B inhibition. Mice with mixed or duodenal reflux were treated with BAY 11-7085 (20 mg·kg Ϫ1 ·day Ϫ1 ip; Santa Cruz Biotechnology, Santa Cruz, CA) for 3 days before and 7 days after surgery and euthanized 7 days after surgery. As a potent IK inhibitor, BAY 11-7085 has been safely used in vivo at this dose (22) . The esophageal epithelium was harvested and prepared for TEER measurement and ELISA (IL-1␤, IL-6, and IL-8). Eight mice were studied in each group: four mice were used for TEER analysis and four for ELISA.
TEER. Esophageal epithelial tissues for chamber studies were immersed in ice-cold oxygenated Ringer solution and immediately transported to the laboratory for mounting mucosal-side-up in miniUssing chambers (19) Microarray data were collected from two-channel mouse microarrays (4X44K, Agilent). After hybridization, the arrays were scanned using a GenePix 4000B scanner (Axon Instruments, Foster City, CA). The images were analyzed by GenePix Pro 5.0 software (Axon Instruments). Data preprocessing was carried out using the University of North Carolina MicroArray Database for quality filtering and data normalization. Gene expression values were quantified by the twobased logarithmic ratio of red channel intensity (mean) vs. green channel intensity (mean) followed by Lowess normalization to remove the intensity-dependent dye bias. Agilent array data were extracted on the probe level. For probes spotted multiple times, the mean expression value was computed and retained. All probe sequences were mapped using BLAT against the National Center for Biotechnology Information database and annotated with Gene Symbol. In case multiple probes were targeted on the same gene (with the same gene symbol), these data were collapsed onto Gene Symbol, and mean values were computed as the gene expression value. Preprocessed data were used to construct a series of data matrix files for targeted downstream analyses. For a given data matrix, the rows were excluded if Ͼ40% of values were missing. The rest of the missing data were imputed with a K-nearest-neighbor (k ϭ 9) approach. Differentially expressed genes were obtained from two-class significance analysis of microarrays (SAM) in Excel with the median number of false positives Ͻ1. Gene set enrichment analysis (GSEA) was carried out as an add-in in Excel. downloaded from the GSEA web portal and used in this study (http://www.broadinstitute.org/gsea/index.jsp). One thousand permutations were applied to generate a null distribution for statistical testing, and significantly enriched gene sets were obtained at a false discovery rate cutoff of 0.5. The microarray data have been submitted to the Gene Expression Omnibus (GEO) database (GSE 39629).
Real-time PCR. cDNA was prepared from total RNA using an Advantage RT-for-PCR kit (Clontech, Mountain View, CA). Realtime PCR was performed with TaqMan primers [claudin (Cldn)-1, Cldn4] using a real-time PCR system (model 7500, Applied Biosystems, Foster City, CA) under standard PCR conditions. 18S rRNA was used as an internal control. ⌬C t value was calculated after duplicate PCR of each sample. ⌬⌬Ct values were calculated and used to determine fold change in expression.
Western blotting. The total proteins were prepared by homogenization of tissues in 20 volumes of a 50 mM HEPES buffer (pH 7.4) with 1% Triton X-100, 0.05% SDS, 0.2% sodium deoxycholate, 150 mM NaCl, 1.5 mM MgCl 2, 1 mM EGTA, and Protease Inhibitor Cocktail (Sigma-Aldrich, St. Louis, MO). Cell debris was removed by centrifugation at 5,000 rpm. An aliquot of cleared lysate was kept for protein quantitation using the bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL). Protein samples were mixed with Laemmli buffer at 100°C for 2 min, separated by PAGE, and transferred to a polyvinylidene difluoride membrane. After it was blocked with 0.5% nonfat dry milk, the membrane was probed with a mouse anti-Cldn1 monoclonal antibody (3 g/ml; catalog no. 37-4900, Invitrogen, Camarillo, CA) or a rabbit anti-Cldn4 polyclonal antibody (3 g/ml; catalog no. 36-4800, Invitrogen) in Tris-Tween-buffered saline-0.1% Tween at 4°C for 1 h. The membrane was washed three times and then incubated with a horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody. Immunoreactivity was visualized by application of horseradish peroxidase enhanced chemiluminescence substrate (Pierce Biotechnology) and immediately exposing the membranes to X-ray film. To verify equal loading of samples, the blots were stripped and reprobed with a rabbit anti-GAPDH monoclonal antibody (1:2,000 dilution; catalog no. 2118, Cell Signaling Technology, Boston, MA).
ELISA. The protein samples were prepared after homogenization and centrifugation at full speed. An aliquot was used for the quantification of total proteins by bicinchoninic acid assay. Measurement of IL-1␤ and IL-6 followed the instructions of a mouse cytokine/ chemokine magnetic bead panel kit (EMD Millipore, Billerica, MA), while measurement of IL-8 followed the instructions of a mouse IL-8 ELISA kit (MyBiosource, San Diego, CA). Levels of IL-1␤ and IL-6 were expressed as picograms per 100 g of total protein and the level of IL-8 as picograms per 1 g of total protein.
Immunohistochemical staining. The deparaffinized sections were submerged in methanol containing 0.3% hydrogen peroxide for 15 min at room temperature to inhibit endogenous peroxidase activity. Antigen retrieval was done prior to incubation with a rabbit anti-NF-B p50 polyclonal antibody (1:100 dilution; ab7971, Abcam), a rabbit anti-NF-B p65 polyclonal antibody (1:500 dilution; ab7970, Canonical pathway CP89: cytokine-cytokine receptor interaction CP89: cytokine-cytokine receptor interaction CP89: cytokine-cytokine receptor interaction CP89: cytokine-cytokine receptor interaction CP122: TLR signaling pathway CP122: TLR signaling pathway CP237: cytokine pathway CP129: TCR signaling pathway CP238: inflammation pathway CP237: cytokine pathway CP283: IL-10 pathway CP238: inflammation pathway CP702: signaling in immunity CP283: IL-10 pathway CP872: MMP-cytokine connection CP408: activated TLR4 signaling CP446: chemokine receptors bind chemokine CP838: TNF pathway CP391: TNFR2 pathway CP872: MMP-cytokine connection CP312: NF-B pathway Gene ontology GO320: regulation of cytokine secretion GO335: positive regulation of immune system process GO513: cytokine production GO419: positive regulation of cytokine biosynthetic process GO593: inflammation response GO513: cytokine production GO672: regulation of cytokine production GO578: leukocyte activation GO975: cytokine secretion GO584: adaptive immune response GO1233: chemokine activity GO672: regulation of cytokine production GO1268: chemokine receptor binding GO815: T cell activation GO500: regulation of T cell activation GO882 Abcam), a rabbit anti-matrix metalloproteinase (MMP)-3 polyclonal antibody (1:40 dilution; ab52915, Abcam), a rabbit anti-MMP-9 polyclonal antibody (1:2,000 dilution; ab38898, Abcam), a rabbit anti-Cldn1 polyclonal antibody (1:200 dilution; B6327, LSBio, Seattle, WA), and a rabbit anti-Cldn4 polyclonal antibody (1:25 dilution; B2370, LSBio) overnight at 4°C. Tissue sections were washed again in PBS and incubated with peroxidase-conjugated secondary antibodies for 30 min at 37°C. Detection of the antibody complex was done using the streptavidin-peroxidase reaction kit with 3,3=-diaminobenzidine as a chromogen (ABC kit, Vector Labs, Burlingame, CA).
Statistical evaluation. Values are means Ϯ SE. Each experiment was repeated twice, and representative results are shown. All other values were subjected to two-tailed Student's t-test.
RESULTS

Gastroesophageal reflux activates the NF-B pathway in mouse esophageal epithelium.
To understand the molecular mechanisms of the impairment of esophageal barrier function during gastroesophageal reflux, gene microarray was performed to identify differentially expressed genes and gene sets (see Excel S1 and Excel S2 in Supplemental Material for this article, available online at the Journal website). At 4 wk after surgery, GSEA-CP analysis showed that many signaling pathways were activated by reflux, and many of these pathways were inflammatory signaling pathways. Nine and 11 inflammatory CPs were enriched in esophageal samples with duodenal and mixed reflux, respectively. Consistent with the activated inflammatory CPs, inflammation-associated gene sets were also found to be enriched by GSEA gene ontology analysis. Thirteen and 14 of such gene sets were enriched in esophageal samples with duodenal and mixed reflux, respectively. NF-B, a well-known transcription factor involved in inflammation and proliferation (5, 36) , was one of the activated transcription factors in esophageal epithelium with duodenal or mixed reflux based on GSEA transcription factor analysis (Table 1) .
With SAM, we further identified individual genes differentially expressed in esophageal epithelium with duodenal or mixed reflux. Comparing our SAM data with the NF-B target gene list (see Excel S2 in Supplemental Material), we found that 45 and 2 NF-B target genes were upregulated in the esophageal epithelium with duodenal and mixed reflux at 4 wk after surgery, respectively. Such genes included chemokines (e.g., Cxcl1, Cxcl5, Cxcl9, Ccl4, and Ccl20), cytokines (e.g., IL-1␤, IL-6, IL-11, IL-12␣/␤, IL-23␣, and TNF-␣), and MMP-3 and MMP-9 (Table 1 ). These data suggested that gastroesophageal reflux activated the NF-B pathway in mouse esophageal epithelium. To validate NF-B activation in the esophageal epithelium, we examined expression of NF-B subunits (p50 and p65) and NF-B target genes (MMP-3, MMP-9, IL-1␤, IL-6, and IL-8) with immunohistochemical staining and ELISA. NF-B p50 and p65 were rarely expressed in normal esophageal epithelium but were overexpressed in the nucleus and cytoplasm of the esophageal epithelium with duodenal and mixed reflux. MMP-3 was not expressed in the esophageal epithelium of control mice. Its expression was upregulated in the cytoplasm of esophageal epithelial cells with duodenal and mixed reflux. A significant increase of MMP-9-positive cells was observed in the submucosa of the esophageal epithelium with duodenal and mixed reflux (Fig. 2A) . Duodenal reflux induced a dramatic increase of all three cytokines compared with control, while mixed reflux significantly increased the levels of IL-6 and IL-8 (Fig. 2B) .
Gastroesophageal reflux causes alterations of tight junction genes in mouse esophageal epithelium. Previous studies clearly demonstrated that acid, bile acids, and pepsin disrupt squamous epithelial barrier function by modulating expression and localization of tight junction proteins (7, 33) . With real-time PCR, we confirmed downregulation of Cldn1 and Cldn4 mRNA in the esophageal epithelium with mixed or duodenal reflux compared with control. We focused on Cldn1 and Cldn4, because they are major claudins in the squamous epithelium of human esophagus (19) (Fig. 3A) . Western blotting also showed downregulation of Cldn1 and Cldn4 in the esophageal epithelium with mixed or duodenal reflux (Fig. 3, B and C) .
Cldn1 and Cldn4 were predominantly localized on the cell membrane of basal, suprabasal, and superficial epithelial cells of the esophageal epithelium. Increased cytoplasmic staining and decreased membrane staining of Cldn1 and Cldn4 were observed in the esophageal epithelium with duodenal or mixed reflux, suggesting that duodenal and mixed reflux cause mislocalization of Cldn1 and Cldn4 and, thus, impair esophageal barrier function (Fig. 3D) .
Inhibition of NF-B counteracted reflux-induced impairment of esophageal barrier function. To examine the potential cause-andeffect relationship between NF-B activation and barrier dysfunction, we treated mice with duodenal or mixed reflux with a NF-B inhibitor. A decrease in TEER was observed in the esophageal epithelium with mixed or duodenal reflux at 7 days after surgery. BAY 11-7085 (20 mg·kg Ϫ1 ·day Ϫ1 ip for 10 days) significantly counteracted the decrease in TEER in the esophageal epithelium with mixed reflux (P Ͻ 0.01). In case of duodenal reflux, BAY 11-7085 also counteracted the decrease in TEER, but the difference was not statistically significant (Fig. 4A) .
Tissue levels of IL-1␤, IL-6, and IL-8 were determined as an indicator of NF-B activity. In the esophageal epithelium with duodenal reflux, BAY 11-7085 significantly reduced the levels of IL-6. In the esophageal epithelium with mixed reflux, BAY 11-7085 significantly reduced the levels of IL-1␤ and IL-6. IL-8 was not significantly modulated by NF-B inhibition (Fig. 4B) .
DISCUSSION
With surgically induced duodenal and mixed reflux models in mice, our study provided an alternative insight into the mechanism by which the NF-B pathway plays an integral role (23) . IL-8 and IL-1␤ have been shown to be upregulated, even in endoscopy-negative patients (11, 14, 15, 20, 26, 28) . In vitro experiments also showed that exposure of human esophageal epithelial cells to acid or bile acid activated the NF-B pathway and upregulated IL-6 and IL-8 (10, 12, 17, 35) as a function of the degree of acidity and exposure time (13) . In this study, activation of the NF-B pathway was observed in the esophageal epithelium with duodenal or mixed reflux (Table 1, Fig. 2) .
In addition to these NF-B-regulated cytokines, gastroesophageal reflux also upregulated many NF-B target genes, including MMP-3 and MMP-9 (Table 1) . MMP-3 and MMP-9 were overexpressed in epithelial cells and inflammatory cells, respectively ( Fig. 2A) . Previous work on in vitro and in vivo models showed that ectopic expression of MMP-3 in mammary epithelial cells resulted in a loss of E-cadherin and catenins, which are critical adherens junction genes essential for epithelial barrier function (24, 40) . Activation of MMP-9-expressing neutrophils also led to higher permeability of bovine retinal pigment epithelium via downregulation of tight junction proteins (44) . In fact, cleavage of E-cadherin by a metalloproteinase contributed to the impairment of esophageal barrier function in GERD patients (18) .
While gastroesophageal reflux activated the NF-B pathway in mouse esophageal epithelium, it also caused downregulation and mislocalization of Cldn1 and Cldn4 (Fig. 3) , the major claudins in the squamous epithelium of human esophagus (19) . This is consistent with in vitro experiments showing that acid, bile salts, and pepsin disrupt esophageal barrier function through the loss or mislocalization of Cldn1, Cldn4, occludin, and zonula occludens-1 (7). Similar findings were also observed in a rat model of GERD (4, 27) . These data suggested that NF-B activation may impair the epithelial barrier function via deregulation of tight junctions (1) (2) (3) 39) . To test this hypothesis, we treated mice with duodenal or mixed reflux with an NF-B inhibitor in a short-term proof-of-concept experiment. As expected, BAY 11-7085 not only suppressed NF-B activity in the esophagus but also protected the barrier function (Fig. 4) .
Our data on the mouse models and previous studies on the rabbit model and human patients suggested that impairment of esophageal barrier function during gastroesophageal reflux may result from combined actions of chemical injury and NF-B activation (Fig. 5) . Noxious chemicals (e.g., acid and pepsin) in the gastroesophageal refluxate may immediately and directly attack and damage the apical junction complex to produce DIS and reduce TEER in the esophageal epithelium. High concen- trations and long exposure of chemicals lead to epithelial edema and necrosis, subsequently triggering an inflammatory cascade. On the other hand, refluxate stimulates esophageal epithelial cells by activating the NF-B pathway at the early stage. As a result, chemokines (e.g., IL-8 and IL-1␤) are secreted to promote inflammation. Inflammatory cytokines may further activate NF-B in the esophageal epithelium. Over time, these cytokines downregulate and mislocalize tight junction proteins (e.g., Cldn1 and Cldn4). Impairment of epithelial barrier function, mediated by direct chemical injury or NF-B activation, would further exacerbate epithelial inflammation, evolving into a vicious cycle. It has been shown that deficiency of tight junction proteins (e.g., Cldn7 and occludin) results in chronic gastrointestinal inflammation, and deficiency of an adherens junction protein (p120 catenin) produced chronic dermatitis (9, 34, 37) . In all these situations, NF-B activation plays a critical role in epithelial inflammation. Our experiment with BAY 11-7085 was a proof-of-concept experiment with one dose and one time point. Further studies are needed to test multiple doses, later time points, and multiple inhibitors of NF-B and its downstream effectors (e.g., MMPs). With the surgical models we developed in mice, genetically modified strains may also be used to further validate the role of NF-B activation in impairment of esophageal barrier function by gastroesophageal reflux. The mouse esophagus is lined by a fully keratinized epithelium that is more sensitive to duodenal than gastric refluxate. Gastric reflux in mouse esophagus does not produce strong inflammation (data not shown), unlike gastric acid exposure in the rabbit model and acid reflux in human patients (32) . Because of these differences between mouse and human esophagus, mouse models have limitations, and further studies are needed before mouse data can be translated into human studies. Nevertheless, our study clearly suggests targeting the NF-B pathway as a potential GERD therapy.
